The reduction of cyclic Mannich ketones having antibacterial activity showed poor stereoselectivity with L-Selectride ® , sodium trimethoxyborohydride and diisobutylaluminium hydride, while lithium aluminium hydride and, in particular, sodium borohydride often yielded a single stereoisomer. The size of the ring strongly influenced the stereocomposition of the reaction mixtures. An increased preference for the trans isomer was attributed to a weak intramolecular hydrogen bond between the OH and the N, as demonstrated by X-ray crystallography. After reduction, the antibacterial activity of the product decreased dramatically ("S-form") but was not completely abolished in deep rough mutants of Gram-negative bacteria.
Introduction
Studies on the mechanism of action for biologically active compounds often have been complex endeavours, with synthetic organic and medicinal chemistry often playing a crucial role in providing invaluable insight into the intricate and previously unrecognised details. Previously we reported the synthesis of some Mannich ketones of 2-arylidenecycloalkanones 1 1-9 (Scheme 1). Our previous examinations suggested however that the thiol depletion cannot be the only reason for the antibacterial activity. 1, 2 We showed that some compounds were highly active against bacteria, but caused no thiol depletion, others were not active although the free thiol pool decreased significantly when the compounds were administered at the minimum inhibitory concentration (MIC). In order to investigate the importance of thiol reactivity in the mechanism of action, we prepared the corresponding amino alcohols from the Mannich ketones mentioned above. Unlike the Mannich ketones, the amino alcohols cannot yield very reactive methylene ketones.
First, we wanted to investigate the stereoselectivity of the reduction using different complex metal hydrides with organic groups. Sodium borohydride is a generally more selective
Results and Discussion
In order to investigate the influence of the reducing agent on the stereocomposition, we explored the reduction of 3 with different complex metal hydrides. These reactions started from the Mannich base liberated from the corresponding hydrochloride 3 under mild conditions (Scheme 2). The complex hydrides applied for the reduction of 3 can be divided into two groups. The first one (L-Selectride ® , sodium trimethoxyborohydride, diisobutylaluminium hydride) represents reducing agents showing poor stereoselectivity, while the hydrides of the other group, such as lithium aluminium hydride, produced stereoselective reductions affording the trans isomer as a major isomer. In particular, reduction performed with sodium borohydride proved to be rather stereoselective, yielding mainly one stereoisomer (Scheme 2). 
Scheme 2
We hypothesized that the relative thermodynamic stability of the respective hydride adducts (cis-14a-e and trans-14a-e) should explain the observed selectivity of the metal-hydride reduction of the Mannich base chosen. To prove this hypothesis, semi-empirical (PM5) quantum chemical calculations were performed to obtain heats of formation (∆H f°) for the hydride adducts (Scheme 3). As shown in Table 1 , the relative stabilities of the isomeric cis-14a-e and trans14a-e (expressed as ∆H f°cis -∆H f°trans ) correlated well with the observed stereocomposition of the end product 14, although a bias to yield trans-14 during the reduction also was apparent. Because of its propensity to produce the highest stereoselectivity based on the preliminary experiments, sodium borohydride was chosen as the reducing agent to study the influence of the substrate on the stereocomposition of the reaction mixture. The reductions were performed in methanolic solutions at room temperature. In all of the starting unsaturated Mannich ketones the configuration was E around the C=C bond. From the hydrochlorides of the Mannich ketones (1-9 and 10-11) the bases were liberated with equivalent NaOH at 0 °C and they were treated with NaBH 4 (Schemes 4-5).
(CH 2 The molecule shows an intramolecular H-bond O2-H4⋅⋅⋅N1 with an H4-N1 distance of 1.955 Å and an angle of 151. All distances and angles are within the experimental errors in the expected range. 5 The C1-C6 as well as the hetero 6-ring are in chair conformations. Ring C1-C6 is slightly distorted from the ideal conformation due to the sp 2 hybridisation of C1. The conformation about the C1-C7 double bound is E (trans). The interaction between the molecules in the crystal is only of the van der Waals type. The new compounds were screened against some standard Gram-positive and Gram-negative strains, among them some Re deep rough mutants strains ( 
Figure 2.
Projection of trans-14 with anisotropic displacement ellipsoids (50% probability) for non-H atoms and an arbitrary small displacement parameter for H-atoms. 13 A close relationship can be deduced from our data between the permeability and the antibacterial activity of our compounds. We determined the MIC values for "S" form E. coli ATCC 25292 and "Re" form E. coli ReD31m4, Salmonella minnesota Re595, Shigella sonnei Re4350. These Re deep rough mutants have modified outer membranes that are more permeable for some chemicals than the "S" form E. coli that has a complete outer membrane. [6] [7] [8] Thus cis-
14, trans-14, cis-17, cis-19 and cis-20
, that are only mildly active or non active to "S" form, can kill the Re mutant Gram-negative bacteria. 
110.93 (3) We also observed a relationship between hydrophobicity and the antibacterial effect. The more hydrophobic compounds: trans -14, cis-17 and cis-20 proved to be the more effective.
Although most of the compounds lost biological activity upon reduction (3/cis-14, 3/trans-14 from 6.25 to 200 µg mL -1 ), we observed that some of them retained (6/cis-17) or even increased their activity (9/cis -20 from 200 to 50 µg mL -1 ).
Determination of the free intracellular thiol content of the "S" and Re mutant E. coli treated with these compounds at MIC concentration or at 200 µg mL -1 revealed that reduction completely abolished the thiol reactivity (Figs. 3 and 4 ). This supported our idea, that in some of these compounds the antibacterial activity cannot be explained by a thiol alkylation. Human cytotoxicity of our amino alcohols was evaluated against HeLa cell lines ( 
Conclusions
In conclusion, reduction of 3 with various complex hydrides afforded reaction mixtures of very different stereocomposition. Reduction with sodium borohydride was found to be diasteroselective both for α,β-unsaturated-and fused Mannich ketones. The stereocomposition of the reaction mixtures was influenced by the size of the ring. The predominance of the trans isomers as trans-14 can be explained by the intramolecular hydrogen bond between the OH and the N as demonstrated by crystal structure analysis. Most of the amino alcohols almost completely lost their biological effect. Two compounds, however, retained or even increased their antibacterial activity on deep rough mutants (9/cis-20 MIC: from 200 to 50 µg mL -1 ) and thus emerged as lead compounds for antibacterial agents with a unique, yet currently unknown, activity profile. Since the amino alcohols did not cause thiol depletion, this finding points to a new mechanism of action other than alkylation. The MIC values for deep rough mutants show that the permeability of the outer membrane definitely can influence the antibacterial activity of our compounds. The cytotoxic activities of the amino alcohols also were evaluated using HeLa . The presence of NOE correlations between H-1/H-2 in the corresponding NOESY spectra of cis-14 and cis-17 -cis-20 and the lack of the same correlations for trans-12 -trans-18 as well as the lack of NOE correlations between H-1 and H-8 in the corresponding NOESY spectra of trans-21 and trans-22 also corroborate the cis and trans orientations, respectively. FT-IR spectra were taken on a Nicolet Impact 400 spectrophotometer in KBr pellets. Reflections were recorded at 100 K using a CCD-detector (MarCCD 165) and monochromatic synchrotron radiation (λ = 0.49592 Å). Reflections were indexed, integrated, corrected and scaled using XDS. 10 The same program was used to refine the lattice parameters.
A long and a short exposure time series each with 360 º of total oscillation range and with 0. 1 The HeLa cells were cultured in RPMI-1640 culture medium containing 10% heat-inactivated fetal calf serum with antibiotics streptomycin (25 µg mL -1 ) and penicillin (50 µg mL -1 ). The cells were grown as a monolayer, in the logarithmic phase, had viability better than 98 % as proved by Tripan blue exclusion. The growing cells were plated out in 100 µL of medium at concentration of 4-5 x 10 3 cells/flatbottomed well in 96-well microtiter plates. Plates were incubated for 24 hours at 37 °C in a humidified atmosphere of 5% CO 2 . 100 µL of media containing the drug dissolved in appropriate solvent were added to each well and incubated for a further 48 hours. MTT was filtered through a 0.22 µm filter and diluted in RPMI-1640 containing antibiotics to 1 mg mL -1 . 100 µl of this solution added to each well and incubated for 4 hours. All untransformed MTT (medium) was removed by careful aspiration from the wells. The formazan crystals were dissolved in 100 µL of isopropanol-1 N HCl (24/1 v/v). Then the plate was shaken in order to ensure solubilization of the blue formazan crystals. The absorbance was recorded in an enzyme-linked immunosorbent assay plate reader at a 560 nm test wavelength and a 690 nm reference wavelength.
Determination of free thiol content. The method was published previously. 1 Shortly, the bacterial cells were cultivated in a shaker incubator (37 °C) to the mid log phase and treated with the different compounds at the MIC concentration or at 200 µg ml -1 in cases of ineffective substances (MIC > 200 µg mL -1 ) for one hour. The treated cells were centrifuged (+4 °C), washed with physiological saline solution and stored at -80 °C as pellets. These cell pellets were resuspended in a buffer containing 50 mM TRIS-HCl, 0.1 % SDS of pH 7.4, and lysed by sonication. The cell lysates were clarified by centrifugation and used immediately for the determination of free thiol by the DTNB assay. 15 The protein concentration was determined by the BCA (bicinchoninic acid) assay. 16 The assay was repeated using eight selected compounds in three parallel cultures. Values represent the average of three independent determinations ± SD.
General procedure for the reductions with NaBH 4 To a methanol solution (50 mL) of the appropriate Mannich ketone (2 mmol), equivalent aqueous NaOH solution (10 mL, 2 mmol) was added at 0 °C under stirring. Then, sodium borohydride (8 mmol) was added in small portions during 20 min. The solution was stirred at room temperature for 24 h. It was cooled to 0 °C and acidified with concentrated HCl. After 20 min its pH was adjusted with aqueous NaOH to pH 10 and evaporated to the half of the original volume. Water was added and the resulting slurry was extracted with chloroform (3 x 80 mL).
The chloroform extracts were combined and washed with brine and dried over sodium sulphate. C NMR (100 MHz, CDCl 3 ) δ C : 23.5 (C-3",4"), 26.7 (C-4), 27.6 (C-5), 29.2 (C-3), 43.6 (C-2), 54.4 (C-2",5"), 63.4 (C-2α), 79.5 (C-1), 119.1 (C-8α), 125.7 (C-4'), 127.9 (C-3',5'), 129.0 (C-2',6'), 138.6 (C-1'), 142.9 (C-8).
trans-E-2-Phenylmethylene-6-(4'-methyl-piperidin)-1-ylmethyl-cyclohexanol (16 3 ), 26.6 (C-4), 27.6 (C-5), 29.0 (C-3), 30.5 (C-4"), 33.8 (C-5"), 34.5 (C-3"), 41.7 (C-2), 52.9 (C-6"), 55.9 (C-2"), 66.0 (C-2α), 79.1 (C-1), 119.2 (C-8α), 125.7 (C-4'), 127.9 (C-3',5'), 129.0 (C-2',6'), 138.6 (C-1'), 142.8 (C-8).
cis-E-2-Phenylmethylene-7-morpholin-1-ylmethyl-cycloheptanol (17). Colorless crystals; yield 90% for cis-and tr-17; mp 79 °C (from hexane-ether mixture, dec. 23.9 (C-4), 27.5 (C-5), 29.0 (C-6), 29.9 (C-3), 37.4 (C-2), 53.9 (C-2",6"), 61.0 (C-2α), 66.9 (C-3",5"), 78.3 (C-1), 125.4 (C-8α), 126.2 (C-4'), 128.1 (C-3',5'), 128.8 (C-2',6'), 138.0 (C-1'), 143.8 (C-8).
trans-E-2-Phenylmethylene-7-morpholin-1-ylmethyl-cycloheptanol (17). We were not able to separate this minor isomer. 1 
